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THE MEMBRANE LIC_IiT VALVE PAGE C,()MP()SER

hy

L. 14.C_)sentinn, E. M. Nngle, and W. ¢!. Stewart

RC.A Laht]ratorto_

Princeton, N_w ,ler,_,y 08540

1411MMAltY

s

The feasibility of producing a page eompuser for optical.memc)ry systems uuing thin, (lel'c,rm-

able, membrane-mirror elements as light valves was investigated. The eleetromec._'unical and _q)tieal

performances of such elements were determined both analytically and exporimentally. It win,

found that fast switching (~ 10/_sec), high.contrast (10 or greater), fatigue-free operation over

millions of cycles, and efficient utilization of input light could be obtained with membrane light

valves. 14everal arrays of 64 elements were made on substrates with feedthroughs, allowing access

to individual elements from the backside of the substrate. 14ingie light valves on such arrays were

successfully operated with the transistors designed and produced for selection and storage at each

bit location. This simulated the operation of a prototype page composer with semiconductor chips

beam-lead bonded to the back of the substrate. The fabrication details for making such a device

were worked out during three practice cycles. All that remains is evaluation of the actual page

composer when it is completed. While it has been shown that membrane elements make excellent

light valves, it remains to be demonstrated that arrays of such valves can be produced without

serious defects, and with enough uniformity to operate within practical tolerances. However, the

remaining problems appear to be small ones which should yield to technological effort.
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1I. MEMBRANE LlfIHq' VALVE GEC)METRIEH

All t)f tht) mt_mbrann light valwtJ [,tmstal t_l' a thin, metal fthn tmtq_ndmt ¢)w,r t_ tmppt_rt t_trm.-

1,I,rt)whl_h d_fln_a the hash, shape of th_ elemmltn. A ct_untnr.olot,tr_de nlllr_tIm i)r_wld_d h_,nt,l_th

the elem_,nt, tt, whi_,h vt)ltnf'4_ltt aplfilt)d to at,tivnte the light valve with thd) nwmhrand_grt)und_,d,

Tlm nlet,tr¢)atatte attrnt:tt/m hl_tvmlm tim inOlllhrl|llO lind the drive 4,14,4.trdJdd,_,au,4,ttIhl, m[,lal fllnl

i,t) d,fform from lt,a initially flat/_tat,,. In the i)rtwd)tltt,l,h,, r,ffle_.l.itm _f light frd,n_ tit,, ftlrn tsurfa,.4,

t,hanges from tql4,t'uhlr1,otwal,l,,,rittg,An Itimrtllre ,,a|i Im al.tl_rtq)rlldtdyIfia,'4,d in 1,t,4,4q/1,h,allS't_14qll,

.uch l,lmt, t,h_,_q)ecularly refh,ct_,(I light passe, thr_mgh It whlh, most _l' th4, light r_,fh,q,i,odin it

ram.plainer l't_shim_does not get thrt_ugh the almrl,nre. 'rhtlt_, ol)i,i_,al (,onl,raat _,an t,, ad.hid,w,dat a

detector lo(,ated aft_,r the aperture,.

A line clement is shown in Fig. l(a) which is grossly exaggerated in the vertical diment_ion

for clarity. A typical line element might have a separation between membrane and electrode, of a

few micrometers,an elementwidthbetweenSlipper,sof 0.25ram,a membrane thicknessofabout

0.5tam,and supportstructurewidthswhichare5.10% of theelementwidth.The lineelementhas

a lineelectrodebeneathitrunningtheentirelengthof theelement.

Anothermembrane light-valvegeometryisshown in Fig.l(b).Thiselementhascyli,,drical

holesina supportstructurewhich definescircularelementsinthemembrane which iseventually

suspendedon thesupports.The electrode(notshown) beneaththeelementmay alsobe circular,

oritmay be ofanothershapeifa portionofitisoppositetheactiveareaofthemembrane.

Othergeometriesarealsopossibleformembrane lightvalves.Figurel(e)showsa support

structurewhich definessquareelementswhen a membrane issuspendedon it.An individualelec-

trode(notshown) canbe locatedbeneatheachsquareto activateone element,or one largeelec-

trodecanbe locatedbeneathseveralelementsand simultaneouslyactivatethegroupof elements.

For instance,an electrodecouldbe locatedto activatea 3 × 3 groupof elementssimultaneously

asa singlelightvalve.With sucha multiple-elementlightvalve,redundancyisobtainedso that

perfectioninthe membrane isnotrequired.Anotheradvantageisthata largelightvalvecouldbe

" built up from smaller elements which might make fabrication simpler in some cases.
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III. EI,ECTI'lhMI°'J]IIANI('.AL (Ilq,_H.ATI(JN

Wlmn v()Itlq_() h_aplJlh,d hiq.wi,iqi fill ,,In,,Ir(,d,, ,_lld i.ll,_ nl,qiH)riilm of i_ lhii_ ,,liqlmnl, _il,,ll is¢i

t.ho (J|l(,Hhown fl(.immnth,nlly in I,'il_, P,(a), oh_i'lr(mlalii' idtrm,liv,, I',)l.Un_lwl, I,t lmlV,_ tim |ntqlilIl'lllii _

I.,lwm'dH l.hl* ,qiwjr(iih, iillLjJ oJllltlj,_ rotil.ring f,_rl,o_ Ill t.h,' I'illll lifo nllJ'J'{*'i,'l/I,t.,* JWiW,q|l I'llrtJliw

diq'ornlati{_n, 'J'hv lllilllr,, ,if lira d,q'¢irnmlillil "lili ill' diqi,rlnhl,,ll wllh qm aid ,ff II t'rui,.i..ly dhi-

j_l'lllli (If it fllq't, lilll {,J' l.tlP (lOl'iIrlllO{I nli,nll)l'llllt,, wilh l,hi, tlIIiil ill' lilt, t'tlr_,l,lt iqllllil.pll Ill x,l,l't) iihliq,

the III)iI,V IHill oiltlilil)rilll|l, Wht,n !his ill t111111,0I.Iio rvltltll hll.{ l,(llllII jim IlL

d2z
,, Ill

, I,' " I,, ,I_2

3
MEMBRANE

.L_ l(o,o) ,/ _..,,
,..r"" .... "f.... -- -,-P_.

/} , SUBSTRATE_(

(0)

3
.;EMBRANE

.{0,0) i/

i---'-----" ELECTRODE
_--w/_'_ .---w/_,-_l (

SUBSTRATE_)

(b)

Figure 2. Line element with symbols used in calculation of deflection.
(a) Electrode extends over the full width of the element.
(b) Electrode is smaller than the element width,

5
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wh,,r,, I,' i;_tile ph,,,tr(i,,-;laliv I'nr,,p p,,r ultil m',_a,all,I 'i',l i_ Iiip film I,'llM, Jll al tilt' ,',qli,'r _d' 11to

oit,i)lpfll. Amllilllih d, all idp.l ImralJ,,l.lfl.l,' vaplwil,@, :,n_t_;_;;tim ,m,, hirm,,_l lty tim ,,io,,ir_Jdo alld

lllPlliill'lliiP Ji' flip ,l,,l'h,,,tillli ill ltptIliv>iilh' ,'illlliliffod l_t lh,> fi,'itlii'lili,ill ,if' Ihl' i,_llldlliqllr:-_, lll,'ll

I,' .._ V''/u,l'' (',J,l

wJll,rl, i lli Ih,, dioh,i,irh, ciliitdiillt ttl' till, liil,flhtll,, V hi II,,, nlil,Ill'ti el,Ill t_t,, llllii iI ih Ih,, ,ll,,lllllriuil,

I i l-i,ll,l'll't iiii, IIPlIIII'Ill Jl Ill,

'l'hl,ri,l'l irl,

l)

' ' i) ' illl:J (ill

,tlUllllillri ill' Iliii-; q'tllllllitlii with I.hi, iiltlli'llllrliile I,liillilhii'y I'ulillilillli,Cl y,ivt,,_ Ihl, I'_lrlil ll) ,I-io ili,l_ '.lln..

t illll ilil

• _ (JI

z .- 16'1'utl _ \W '_

wilirh is _eell to lit, l)artiiluiic, 'l'ile nlaxinitinl defh,ctiml whir:, ut!,,ur,., tit x - IJ is 14iVeli I)y

_V2W 2

z° - " 16 '1'c d-":" ( 5i

The foregoing a_uined that the eh,ctrode extended beneath the entire width of the element.

When this is not tile case as in Pig. 2(b), a similar analysis results in

iV2 x2-1..... - for ---:-, x .s, 0 16/
'*=,j-¥oCi2 ,l 2

and

<:V2 W > x _, --- (7)
z = 4,14o-d2- - x for

which describe a parabolic deformation region where the membrane is over the electrode and

straight line sel4ments connecting the ends of that region to the supports. '[he deformation tit, the

center is somewhat reduced with narrow electrodes, if an electrode covered only half of the ele.

W), zo would be three-quarters of the central deformation with a full widthllli_'il i, width (S

i,h,ctrode (S = W).

The tlbove analysis is valid whethcr the film tension (Wo) tit the center of tht' deformed eh,-

nit,lit was built into the film at the time of deposition, whether it results from elongatitm of the

film, fir even if it is a combination of tilese two tensions. For the case ill which T o is a constant

6

"1
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not substantially affected b_ the stretching of the fihn, the derived equations are complete. If on

the other hand, TO arises only bo,_au,o of ,,l,.mgal,itm wilh Lho ten_ion in the undoformed _tah,

being equal to zero, the abt)vo oqua|,itml_ arp ,till valid hul, To is detnrminod by other faetf)rs, mlt_ti

an the mechanical propertie, of l,ho film and the anaount of elongation of the film.

Young's moduluH (E) 1, defined a_ the ratio of stre_s (o) to strain {e). Sine. in the thin film

. - To/t, who)re t l, the lilm thickness, and e - Ag_,''' thus

TO = EL (8)

¢

•. For a curved line such as the. deformed film of Fig. 2(a),

W/2 W/2 /[ _2fw faW= dx dx-W=2 _\dx/
-_ - /2 0

dz
where ds is the differential distance along the curved line. Since _ << 1 for all practical cases,

tI(d, 2 1+1 _ l+--
'_\dx/ 2 \dx /

and
W/2 W/2

AW _-2 I + -_-'dx"
0

From Eq. (4),

eV2W2 /4X2\w2 )., z = 16To d2 - 1

so that

dz'_ 2 e2V4 x2
dx/ = 4To_d 4-

Aftersubstitutionand integration

e2 v 4 w 3

AW = 96To2- _

--..".'W_ -_" -- ..... . ._ t-r- ._J-_"-,;IL..__ .1I_:._ , ..... " ............ -...... q-._-...... ",

1973009955-TSB01



and
.XW , 2V'IW2

_..... 2_,4 (9)
W till I f) tl

Hulml.itutioll in Et 1, (_) yiohln

(,2V4W2 El ) |/3'I'll _ 96 d4 I1 (ll

ilild ,_iill,i, fi'_llll Eq, (5)

, , V2 W2
f _=_ _

z¢l 1() lod2

Substitution of the value for T o of Eq. {10) gives

/<v w4)lazo_- (I.287 \ diEt (l:l)

with

z = zo - W2 as before.

Note that for a given sample Eq. (11) shows that

zo _ V 213 for the case of tension 'caused by elongation only

while Eq. (5) shows

zo = V 2 for the case of a constant built-in tension.

The change in tension along the membrane has been assumed to be negligible in all of the

previous analysis so that To was not a function of x. This can be justified by a simple calculation

to determine the tension at one of the supports. Since

T(x) =-T O dx .... To 1 +

and from Eq. (4)

\w2- : - Zorn72--

_.. -::. " _ :i .::._:]_ i]_. ._,ik :_ __-L____ 7-.J ....... ,, _r- ....... .-:i"_:, Ti'...7 -ri, W-'; " _-::7:--:----'r-:- _ - ! .: .... _...2+_
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thon

(dz,V. zo_x
2

\,iX/ : o4 W4-

2 W2

Sinco zo is typically about I pm m_d W about 251) pro,

(w) [, '"1 (1 ), T :: - To 1 + 2 (250) 2 =" T° + 62,500.... _ -'l'c_ (1.00{1131

T 2 _ - To

Therefore the tension is essentially constant and equal go T o all along the membrane.

It is also of interest to calculate the incremental strain of the membrane for a typical de-

formation of 1/am.

From Eq. (9)

AWW e2V4W296 ( ____)2= To2d_- = 2.67

Again letting W = 250 pro,

aw
- = 0.43 × 10 .4 = 0.0043%

W

This strain is quite small and well below the limit of elastic deformation which, for most metals, is
is a strain of about 1%.

The dynamic response of a membrane line element is obtained by using Newton's Law,

F= d2z d--_2x• The result-ma=md_2, and equating this force to the elastic restoring force equal to TO d2z
ing wave equation, with appropriate boundary conditions applied, has a solution which gives a

vibration frequency of

n__ To
f = 2W ,_t n 1,2.3,... (12)

q =--_.w ;t (_a)

9
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is Lilt, fundamental re.d.. Ill those formulas, t, is tilt, density t)f 111. membrane material, t is the

1,hit'knoss of the nwmbrano, lllld T n iS assumed to bt, canstanL and tmtffh,t'ted by th. motion. AIs.

th, fornmhla apply only t- vm.,uum. In air th.rt, is mechanical damlfing caused by th. gas mtfieeuh,s

ht,l.w th. momhran., whi¢,h rt,t¢isi,d.fornml,itm that 1,ties to t.tmlprons i,h. v.hm., hi' air. Mnr. will

he _;aitl.f l,hialater,

Hilllilar Im|tlyt4t,t4 fan Im Iml'l'ttrnlod for th{, .I,her geOlllOtrios ttf nll,lllIWlllll, oJenlt'l)t_4, I,'t_r I,ht,

t't|st, of Lilt, t,i|'cull|r elolllt_nt, Lilt, _,orresp.nding tqltlal,JOll_4 of doflet,l,ion are

, z = 14To¢12 - • II,'l_

and

t:V2 D2

--- 32%d2-
where D is the diameter of the element. Note that the central deflection is about one-half that of

a line element with width D for the equivalent conditions of tension, voltage, separation, etc.

The resonant frequency equation for the circular membrane is

f = --P---riD St-- (16}

where p equals the values at which the zero order Bessel function of the first kind Jo(P) equals

zero (Pl = 2.40, P2 = 5.53, P3 = 8.65 etc.).

The fundametal mode is therefore given by

0.764 ,_ ._j___fl = -D-- (17)

For the case of a square element, the corresponding deflection equation as derived from

reference 4 is

2 W 2 e V2 Z 1 _ --- nrtxz = - _3To-d-2--- nS- (- 1) - cos _-- (18)
n = 1,3,5,... cosh

where W is the length of oJ_e side of the square. Similarly

10
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_V2W 2

zo _- - (0.037) -To d2 (19)

The _'entral deflection is not very different from that of the circular element with a diameter nf

W and Is therefore also about one.half that of a line element of width W.

The resonant frequency equation for a square element t_

1 %
f .......... m2 + n 2 m = 1,2,3, ... (20)

•_ 2W _t n = 1,2,3, ...

and 0.707 "'o (21)
fll = W "_-_-

11
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IV, OPTIUAI, CONSIDElt.ATIONH

In high..d(m!_ity n,ad-wril_ imh)graphi(' momory ny,l,omn, tht, h(flogram_ arv r¢,(q_rd_,d al a

location oll the _torage modium whoro tlw light from oavh undoform_,d Img(, compolwr ,,h,,,mnt

has htmn ft}t,ul4l*d l,o a diffrat,tion limilx,d 14ilot, 'l'ho nizo t_f 1,hltl slml, is invortu,ly pmlmrl.itmal l._,

|,hi* widl,il of tim page, (,(mq)t)sor (,h,nlent, Whl,ll an (,h,nlenL is (h,fornmd hy Iiiq)iying voll,ngl,, llw

light spreads ov(,r an ar(ql illll(,h hlr[q,r |,hall l,hl, ht)h_gram, lind litl,h, lighl is rlq,ln'di,d. In fill, inlaRt'

reconstructed from tilt, recorded holollram, a subsl,antial t;onl,rasi, it4t)hl.ainl,li Imtwc,en Lilt, (h,-

fornu,d and taldl,f()rnled atat_*s of the moml)rano. All ol)ti(ral gystenl whi('h sinlulatos 1,his lll4ll('('l

of ilolographi(' m(,mo_ Olaf;ration is shown schemath:ally in Fig. :,, 'i'hi_ (!onfil,qn'ation is a

L XSr ' ± ' ±'3T T l

.....__. MEMBRANE
Zo

DETECTOR FI LTER
APERTUREDETECTOR

APERTURE

Figure 3. Simulated optical memory system.

Fourier transform filtering system having a low-pass spatial frequency response that is determined

by the width of the filter aperture. With the condition X'X = f2, the lens projects an image of

the membrane element onto the detector aperture with a magnification (M) = (X' + f)/(X + f).

The detector aperture width is chosen to be MW, the size of the magnified image of the

membrane element.

For this analysis of a one-dimensional line element, the light incident on the membrane is

assumed to be collimated. The membrane is assumed to deform as a parabola, with a central

deflection of zo. When the membrane is undeformed, the collimated light is reflected through

Ihe lens, which focuses it to a spot small enough tc pass through the small filter aperture. As the

membrane deforms, the reflected light spreads over a larger area in the plane of the filter aperture,

and less light is transmitted through the aperture.

12
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First conuidor the geometric-optics approximation which ignores diffraction effects. The

parabolic mirror formed hy the membrane han a focal length (fro) of
L'_

__ fm _ W2/lfi z_) 1221

for mnall deformations. 'rh,, deviation of the originally colltmaWd rayu by th,, m,_mbran,, pr,,da,0¢,_;

a region of unif,,rm illuminati,ul of width d in the I,hm¢, of tho filtor ap,>rl.ur,,,whor,,

d = fW/f m (23)
J

For a filter al_rture of width

da = 2a hf/W, (24)

where a is a constant to be chosen, and _ is the wavelength of the light; the light flux I trans-

mitted by the aperture is

I = Io da/d d > d a
(25)

I = Io d<__d a

2_is light forms the geometric image of the membrane element. Io is the transmitted light flux
for no membrane deflection. Combining the equations gives

I/I o = ak/8z o zo > ak/8
(26)

, IIIo = 1 zo< a_/8

With a = I, a contrast of tI:l is predicted for a central deflection of one wavelength by this simple

analysis.

A more rigorous analysis includes the effc_ts of diffraction caused by the finite filter aper-

ture. The constant, a, is recognized as the ratio of the filter aperture width, to the width of the

main lobe of the diffraction pattern caused by an isolated, undeformed membrane element. Over

90% of the light from an isolated, undeformed membrane would be. transmitted by the aperture

in this case, The image intensity distribution is given exactly by the _quared modulus of the con-

volution of the complex amplitude of the light reflected from the membrane element, with the

13
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1,0! I I

,8 - , ' APPROXIMATE

T/'ro ,6 i _ 2

,4

0 I I
0 .5 1.0 1.5

Z0/ k

Figure 4. Detector output vs. central deflection with large
filter aperture, a = 2.

point-spread function of the imaging system as set by the filter plane aperture size. This distribu-

tion is integrated over the detector aperture to give the detector output I. Figures 4, 5, and 6

show representativp results of the exact analysis for a = 2.0, 1.0, and 0.5, respectively. Also

shown for comparison is the geometric-optics approximation represented by Eq. (26). The ap-

proximation obviously becomes more accurate as the size of the filter aperture increases and the

effects of diffraction are relatively decreased. For a given membrane displacement (Zo), the trend

is generally toward better contrast for smaller filter aperture width.
.,

The exact curves shown in the figures are for the case in which there are wide, rigid supports

on either side of the deformable membrane, which are also illuminated and reflect the incident

collimated light. Since diffraction by the filter aperture tends to blur the image of the sharp

boundaries between deformed and undeformed regions of the reflecting surface, some of the illu-

mination from the supports spills over into the detector aperture. This effect limits the asymptotic

values of I/l o for large deformations to 0.03, 0.06, and 0.06 for a = 2.0, 1.0, and 0.5, respec-

tively.

14
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I ' , 1..... EXACT

1,13 _ _" , , APPROXIMATE

, :]:IZ o ,6

,4

0 ,5 1.0 1.5

Zo/X

Figure 5. Detector output vs. central deflection with medium filter aperture, a = 1.

I0 i " J

EXACT

. 8 APPROXIMATE

\
.6 O: I/2

_l'ro

.4

f'\

\ \ //"_\
\ t / X

0 _
, 0 .5 1.0 1.5

Zo/ X

Figure 6. Detector output vs. central deflection with small filter aperture, a = ]/2.
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The ot_villal.ion_ in 1.hi, deign'for otdpul, a_ zo vari_,t_nro vnlim,d hy ildorfi,ronvo in lh_, imaV,_,

h_,lw,,,,n the _pill,_w,r light from th,, taqHn_rl_;lind lh,, Ifim_,,-_hifi_,d lil4hl r,,fh,,'l,,d hy lh,, d,,form_,d

mt,mlmmo. For lho ulster,whore cm!y lho doform_,d region ir_illumilml_,d, nl_d n,_ liRht it_hwidonl

_m lho _Hl_l_orh_,Iho _,._nvlvnh,uhdion_; _how lh_" the, ot_,,ilhdiont_dimini_h in mnt_JdI.Hch_,v_Jldrlu_l

w,ry InrH_,,

'l'h_, _,xnvl vnh,_flldhml_ Imw,, in addition, hm,l_ Ilmde t,o hwlmh, Ih_, _,_ui_,__1", in) inil.hll l'hd

ditqflnvomonl, of the, m_,mhrmn, from l.hc h,w,I o1' i,h_,mH)l,_rl._, (1_)dil'l'_,r_,_l r_,l'h,vlivil,i,_.__1' t,ho

d,,l'_rmnhh, Im,llflmm,, lind Iho _ul_pori,r_,L_ion_,(,') hll_,ral dt_qflnvom,,nl,o1'the t'ilh,r Iq_,,rl,m'_,,

(d) a t|'iallt._tth|r.l_olnl)ratm dcl'orn_l|l,lol_ profih,, m_d (e) d_,l,evl_)r nln,rl,ur_,_ dilTerenl, from I.he _fizc

o1' the geomctriv imngo o1' tin, membrane element, All,hough the detalh, d variation o1' I/I o with

zo is _omewhai. _m_it,iw, to the_o additional factors, the qualitativ0 behavior i_ quite similar, (}t'

i_articular inlerest is the case of a smaller dr,Lector aperture, for which tlw mal_nfitude of the os-

cillations incr(,ascs somewhat, but the contrast for large deformations is iml_roved by I,h_,exclusion

of spillover light when the supl)orts are illuminated.

In summ[wy, the geometric-optics analysis provides a reasonably close first approximation to

the calculated diffraction-limited performance of an idealized membrtme page composer line ele-

ment in the intended optical system. For small deformations, the contrast improves as the filter

aperture width is reduced, t4owever, diffraction blun'ing reduces the maximum available contrast

the filter aperture is narrowed when the membrane and its supports are uniformly illuminated.

This degradation is reduced by narrowing the detector aperture, and is eliminated by restricting

the incident illumination to the deformable region of the element only.

16
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V. Mk'MBllANE LIfHIT VAI,VE FAI_I(1UATIf)N

Tilt, memhran_, litht wdvos ,_f w_ri_m, g**_mmt.riot_iJr_,vicmtty d,,m,riht,d hnw, Illluly I',qdur_,t_in

(,qHnlllfJll ttl_.'h _it It tildlitl'ltt_', III ,,l,q'i.rr_d,, IllittOl'll, II lil.llJl_,Jri..liI,rll,,I.lll',_ I)jH.i._q'll, IHId tl t[lili I111_{llJ

film _v,,r tim t_upp,Jrl, _l,ru,,tur,,. In this s,,,,i.hm, n d,_s,'ril)t,i,m lJl' typi,'nl I)m,',,t_tfing u_,,d m I'nhri-

eating an MI,V i, giw,n,

lqrsl., lht, sul)strah, lt_ i,hortmghly cleaned by fing_r.ruhhing with dehmiz_,d wah,r and il_t_o

prttltyl aiet_lml ;I) varhmt4 t_t,qut,nt,t,t_slid l.ht,n Dh)wn dry, In it duttofrt,t, htmd, Shiph,y AZ1 :lit)

ph_toresJld, t_ then appli4,d in dropt and i, dh_trlhuh,d _,w,nly _,w,r flu, _nrl'ae_, wii.h lira dmllu'r,

' Afl,_,rallowing the resi_l.I,_ dry I'_r 1 hour, i.lu, I_ul)_trtd.ets phu'ed on a h_i. Ilal4, ai. l_I_"(' I'_r

3-d hours, Then the snhstratc is aligm,d and regisl,t,n,d with a Itmtomnsk, The Ifimt.on,_dt_l.i:.__,x,.

post.d with ultraviolet light through the mask, afh,r which the pai,tt_rnis dew,lopt;d with Shiph,y

AZ1350 d(,veloper Then the substrata, is rinsed well and checked 1'orcomplete rem(wal of tin,

exposed resist.

The electrode material (usually a chrome flash followed by about 0.7 _m of aluminum) is

then deposited over the whole area of the substrate, landing on the suhstrate surface in _he ex-

posed regions and on the photoresist elsewhere. If insulated electrodes are desired, silicon monox-

ide can be put down over the aluminum. In the m,xt step the desired pattern is formed by placing

the substrate in a bath of solvent which strips away the photoresist. If the height of the resist is

chosen to be about 3-5 times greater than the desired thickness of electrodes, and sharp walls of

the pattern lines are exposed and developed properly, then the resist will wash away taking with

it the material deposited on it, and the thin webbing on the walls of the resist connecting the top

of the resist with the material deposited on the substmte. Acetone is the usual stripper for

Shipley resist and works rapidly. A mix of alcohols is also effective and although slower acting,

is more compatible with some materials. After the resist is washed away, what remains is the

pattern of electrodes which was formtM by the material landing on the substrate rather than on

the photoresist. With this technique, the fact that a pattern can be created without the need to

etch away unwanted material is a distinct advantage for certain kinds of processing.,.

The support structure must be made next. This may be either SiO or metal (aluminum) and

is formed by the use of the same photolithographic techniques employed to make the electrodes -

namely exposing and developing a pattern in photoresist, depositing the appropriate material over

it, and then stripping the photoresist, leaving the desired support structure geometry.

Now the substrate is ready for the membrane, but some intermediate steps are necessary.

Shipley AZl19, a thick resist, is used as a ts_mporary substrate on which to deposit the membrane

17
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_fl,,r whh'h tilt, r_i_l _'lm I_ n,m_ved I_,aving lira thin film t_Ll_l,,nd_,d (m llm ._tqq_nrl_:. 'l'_J a('vnm-

pli_h thiH, lira r_,ninl in appli_,d in drnpn di:_l.rilnlt_,d nnif_rmly (Jw,r lhl, t_fl).,_lnal_, IJy npinninl_

t_l_Jwly,lindmade, lhi_,l__,nn_IghI_ Im hilgh_,rthan tlm t_ll_l_,_i'l_IrlwlHn,,N_,..xl,llm r,,_i,ilindry,,d

_w,rni_Jfl nn n h,iI plnl_, i,1 55"i!, nl't_,r whi_'h i( it_ r_uidy I,,i I., p_li_h,,d. TIw Ihi_'l_ hi,v,,r ,_1'r,,_l_l

ill lililillhlq{ Illllil ,ill_l I_lillll_-_ll |'l'llilll Ilatl hlq'li I'|'lll{IVi'd l-l_i lhlll, _111,_1'II1i, ritllilil,rl iiIl'lll,lllri, lilll*l'lll,l,ti

ilrp vi,_illh, 1111ll li_V"I willl Ihl, I'lUiilil t*IIII,WII_,I'IU Tilt' rt,nlllilltli_t Iwlli'plil;hlt_ ltll,,lll,I I., lll|itl, llti iiIlivkl,v

II1_Illllu_illh , t{_ Ilvlfid ltll_{-_hll_ Ill' dil_lnrlilln tll' lhl, rluliltl llll whit,h lira llil,llllil'lllll* will I., lll,l.,t;ill,ll,

Tim ii1,_1,i-llt,ii itt Ill*(q,lil_lir_ _ if| (}|'1"11'|' I() III, llliII, tll I'l*II|t)Vl' lilt' lllllfllWl'_ml II|,vl,r iil'll,r Ih,,

IIIl'lillWIIlll' itl l'nlnlill*tl,d, Illlllil'ttlI,V Ihl, li'l'hlltllll¢' ih li_ illl'{)l'llliI'l|l_' IhI,v iliil,l'l|ltllql,l'-lii/,l,II IIiih,n illll_

, I,hl, ili(_lllllrlllll _ ill) Illlll Iht, i'_mJlll ill_lyl_lil i,llll i_t) thrl_llt_,h tim inl,lllhrlllii, mid ('tll'l'_ _ lilll Iht, i',,_iiM

witll il, 'l'_) I'llrlll till, Ii_th,t_ h i_,_,lldin_lull _)hlt,hJn ill I'il'_fl I)(1111'(,{I iwi,r IIw _1111{.lt1'111_°, and th,,n i'hll_,ll

,:;'1' wil,h tl(,i_lliZ(itl wah,r h,aviIl_ II I,hhl I'i1111_l' gel. 'l'hell, with the I_Hh_dl'ah,I_t,illwl,I, a ,li_q,,l'_li_m

(11'illicrlmild,l,r.sizl,d _1|,_ ill water wit,l_ sudJuln i),_,'ol)il()_q_htltv addvd i_1lllall'l,d iwcr flu, llllll,_fll'llh _

alld lill()wv(I to sel,tle. TIn,l_ tlw sul)st,ratv is gently rins(,d with deiolfizt,d wat{,r and I_h_wn dry,

]eaVili_ a Ullif¢irnl dist,rihul,i_)n ()t' I)arl,ich,s ()ver the resist alld sUpln)l'l, strtlcl,l.lr(, tlllchured tn _elll,,

I,ii}. The sul}strah, is l)laced it} a vacuum systen! Wlltq*e a flash of alumintllll (().0(} /Jilt) altd nickel

(0.08 pm) is st,quvntially evaporat_,d. The ct)n-lbined thicknes_ t)l' metal is n()t stlffit'i¢,nt I.() cover

l,he l)ttrtich!s on tilt, substrate sul_face, 'l'ilerefore, when tile sample is removed Worn tim vat*uunl

system and gently wiped with wet tissue, the tiny pro'titles art, dish)dgedand are then removed

by a rinse with deionized water leaving holes in fl_e metal where the particles laud been.

The evaporated metal film with holes is used as tile seeding layer ol} which to plate the full

thickness desired of the nickel membrane. The sample is placed in a holder which serves as the

cathode in a nickel-plating bath. Good electrical contact between the holder and the flashed film

oil the sample surface is essential. With the bath temperature at ll0°F, currants of 0.75 to 2.0 A

trod tim_,s of about 1 -- 2 1/2 mint:_.es, good films in the thickness range of 0.4 to 0.8 pm have been

made. Various current-time combinations are possible to control both thickness m_d tension in

the plated-nickel films.

The final step involves removal of the photoresist beneath the membrane surface which has

served as a temporary substrate. The sample is taken from the plating bath, rinsed with deionized

water, and blown dry. Two dishes of solvent bath are used in sequence. The sample is immersed

in the first dish of solvent which gets to the resist through the tiny holes in the nickel film and

diffuses out of the region. This procedure is repeated in the second dish. A critical concern is that

the liquid I_meath the men,brahe after the resist is dissolved does not tear the membrane or dis-

tort it as it dries. For this reason, a final bath of hot ether is employed prior to the drying of

tim saml,le. This k:ehnique has been successful in producing flat films for the membrane light

valve elenlents.
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VI, TIlE NAHA H :,,' H I'A(}I,_ (_()MPfiHI,_It AItltA"/

All =Jl'I lm l',l|'ol4nhl_ inwdwtd invll|l)|'tm,, lil4hl vldvJm wil.llntll l,nl|_,,,rll I'nr I|_Jw ilrr_y =q.u'_di_=l=

¢,1111Ii,, ilttllhlod. _hli',_ a lil4ht VldW*l_hq|lel|l dn, m II,d haw, t.l'llt_Hm,_=h,Jhl c_r mvm,=ll. I_mp,qt i,%

lllvlm Iiilllll Ill, pr, Jvid,,,I at ,m¢'h hit I,lvldi,Jn I_y ,_lh,,r Illlqllilh WI' hlw,' ,,h,m,,n lilq|lti'l_lllllll'llffli IlW

l.hi,il.ll'l'.m,,,Hl,atl,,IIl_'II'lll-_,'ill,_Imfilmdwilh l'Iil_.l'hqmJ=l,u.,hbil,whih,,lylmmi,,lil,fflll.9_it;l.m-

_dbh,If'MIIH Irmmif_l_m_are um,d im p,al_mHI =m,'hhilI.__,_idr,d llm q,lmrgl,mb,l_llm,lllwg._Jl'llm

lllelnhrlllle.l'llq'tl'INIel'lllllil'Itlilll'e,Hl,Illrl,lnllhlilll_,illlhq, III'6_I_I=,III(ii'=qllll|lq'lhll_,eltq'h(,l,,Im,ld=,l,q,.-

l,r(.h,I,_lhe m,lnle_mdm,l¢_rHrv_nll,ry,Hlm,t,,In=tlarge,re'ray,ilie_iml=_)m,=ild=,I_ lwlnl__._Ih,adl=

--I_ ' l'rtllllelwh eh,lllOllt,wi, lUllIil,tlll,,ill'fevdl,hr,_u_hel_lllle('l.il|llliillthe lltllllltrllteiI_,4,11'h,lldlnl,,l'r_lll• eh,t,l,rt.h,s,,I__,n.shh,I,_,I,I.,i_emit,_mth.'l,¢_rdrivt,rsOlil,hv_qq.mlte.i¢It,,_I'lhv ,lulmll'al,,,,hdvr.

t'tllllli*l'tlt}lll_alldl)lalsforexl_,rlltllwh'e:il,t_the t,_lltrultllttlsvle,'l,h,l,t,lt,t,l,r_liit'_t'llllalto,I.,ill-

eluded on the backsideof the st,l_.l,ral_,,mid m,mit_ondt.'tt_rchipscan I.,llt,am-lvadl.mded at

the al_proprlatehwatio,m

The tlm, e major lutrts of the NASA device will m,w be described. 10'irst is the mr,migrant.

light valve array. This consists of eircuhlr eh, nlent,% 0.75 nlnl tn diameter, spaced on t.5-mm

eentcrs. One variatitm involves making 0.Tfi.nlln-square elements, each of whit'h is subdivided into

a 3 X 3 sulmrray of 0.25-ram-square elements. This .nultiple-eh:ment ligilt valve has tilt, attractive

features of redundancy m_d ease of fabrication. "llle method of fabricating the light valves on a

substmte that has already been described is also applicable to the 8 X 8 array.

The substmte with feedthroughs is the second major part of tile device. After studying

several alternatives, we chose Fotoform or Fotoceram materials which are manufactured by

Coming Glass Works, This glassy material can be exposed with ultraviolet light passing through a

mask, and can be subsequently developed and preferentially etched to close tolerances. Holes

etched through the thickness of the substrate can then be filled in with conductive material by

various techniques. We have successfully used several kinds of silver epoxy for this purpose. The

advantage of the Coming material is that regular patterns can be etched which register precisely

with other patterns needed for fabrication of the device. The glassy substrate can also be converted
',(

into a tough ceramic-like form by a final heat-treatment step, The substrate thickness is about

1.25 mm.

The third major part of the NASA device includes the semiconductor chips, the metallization

patterns and their intcrconnections on the backside of the substrate. A novel method of obtain-

ing dynamic storage w_ devised utilizing a single MOSFET gate at each element. This simplifies

the circuitry on the semiconductor chip and the back-plane wiring considerably over what

would be needed if flip-flops were used. In addition, by designing the chip to include "carry-

overs" which bridge interconnection lines on the substrate on either side of the chip, only a

singic layer of metallization is needed on the backside of the substrate. Each (.hip includes four

transistors, each of which controls one light valve so that only 16 chips are needed for the 8 x 8

array.
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A:i an inl_,rnmdiaI_, _¢lt,lh d_wiv_,_ w_,r_, mad,, wilh lighl wllw,_ and :aal),_lrllI,.i we dc,t_vrih.d, Inl!

wilh IImc lallixlllbm pllll_rn _m ilw I}lwl,,_fidl, whh,h llr_li.ll4hl _mt t,iu,h I'_,t,dllm_llt.!h I_ ai t,cmnl_'li_m

l.ld,l,iwhi,'h'uli,xll,rrolllwh'v ,,_illhlh,.i,,illni,i,l_,_l,'rhi,_,h,vi,,,_lilh_w,,dl,,Minl_lili,l,,vldllali,,n,_I'

lh_,lighlwily,, tilllJ_ilo'_tl,,,',mfl_ilml,i,_nI,_l_r,u',,,,dwil.h,_ullh,,li_,llli,,i_lldli_.l_n"i'Irvllilrywhi,'llwli:_

l_ I., lldd,,,I hll,,r, In Ihl, illt'illllillll', liD' _,_li_l _tllll, 'l'_,vhnnh_14yl',,lllpl' Ii1 It('A l-h_lii,,rvill, wit,_ ,h,.

vldlltl_i, I_,lwi_i,Ii iii1,%,Iwlo ti'llnlthtlnr lt,rnlhmhl. I .li_,l, liwtl_,hhlt_ i;lU,.ll, t11111I1.' lllqwlqtritlll, I ltqllll

h,luhl I'tlr vl.,h _,hlt_ t_ lu, I..llh,iI I_ I1., lilllltlll'lll_, ill rt,tlhtll'y wilh Itlt1' iill_,l'v_mi.,vli_.l i_lillvrlllh

A vll,lll'vr idvlurt, ill' t hv NAXfl iI_ vtl,t, win hi, idillitnt,d hy v_mtlhh,rhll_ IIw _h,lldl_ _tl' ii I . ,I

, IItTllff hil' Illu_tlvalIw' I.trl.lilelh I"il.llll', ' 'Z IlllllWII th, olll,vl,hlpllliqll itl' IIIIl'll 1111IlITI|,V, Ill tim I'ilull I'l,l_

ri,'i_li,_illli,illli,liCi,,Idi'llIvllW_,vvd,'llt_h'li(d) hveaula,II.,nwnilwam, illllw m,_lll,l,qleal,.i'i)lill.illi,lil

i_l' tlw deVli'i' aml ilt Ihi,r,,t',wl, ltlfl im Iwit, I"ttlur,, 14(;11_lhllw_ ii llielllrial I't,lWi,_vIHali,_ll ill' X,,eli, lil

AA _ll' I"i1:. 7. The IHll'k_hh, _fl' thv _ul)xl|'ah, is _llc_wn in lo'tg, Xllll wilh tlw t'llilli_ iu Iflm'_'.

I,'ll_Ure 141el ,_h_w_ a ,_elwmatic lay_ut _1' flu, tran_fl_l_r_ and the wiring _m Ii :fil_l_h' chip, 'l'w_

_,th_,r view,_ _1' lhe chip _)n the liuh_il'ah, eali I., x_,_,iiii_ Iq14.9, .N_h, Ihal Ila, Hlil_ i,*',_u,_peiah,d

ill.lye ihv Stll'l'lice ill' lilc sullslrate hy tile I}eilm h,ad t,ollneciillnl4. Alxll illile Ihlll the X iilltl (IN I)

h,llll,q I°tlll hl,nl,iith iile i.ilip lli clliltiilue licrlll.lS the substratc, while the Y il,lltl_ are _'_llllintit'd

tiCl'()_ Ihe _Itll)_ll'tilt, lly nlelillS ill ii bridge llr t.llllnel fin the i!hip iist,lf. The al,lual eilil} size is

l-lnnl squal'e, whih, the conducl, ing lines are O.12banm wide. A ,1 × 4 array of square eh,nlenl,q i_

shown in YilZ. 10(al while b'ig, 101hi shows a _qtlal'e nlultiple.eh,ment lighl vtilvl,. N(lte tilat iJiu,

eh)t'trode t,ontrois four sul)elements. The insulation layer ow:r the electrode as_tlr(,s that a i.oril

Ifiece of nlelnhrane in a subelement does not short, out o.her suhelemt_n{s by Louching the
comn on electrode.

J,s eal] bt, st,on in b'ig,vi(c),an X line is connec_ed '_o one row of MO_ gates while a ¥ line

is connected to one colunn_ of drains. The source of each MOS is connected to a _'espocttve feed-

through, In operation, an X or word line is activated causing the MOS channel to be conductiw,.

The desired voltage pulse I1 or 0) on each Y line then appears at the corresponding feedthrough

electrode, and acts on the grounded membrane of that element accordingly. With the gate dis-

abled bef_re the data pulse ends, the charge on tile capacitance elemelP h)rmed by the electrode-

memhratm combination will leak off slowly m a time determined by the leakage cun'ent of the

transistor. This current can easily be made small enough for storage times of many milliseconds.

As long as the cycle time of the page composer is short compared to the leakage time, or if re-

fleshing of the array is allowed, then effe('tive memory is obtained with this technique.

The actuid bl x 8 array lay_ut can he seen in Fig. 11 : The array of light valves oll the front

side of the substrate is seen in the sample at the tol) of Llle photograph. The bottom left sample

shows the wiring and the chips on the backside while the bottom rigJlt sample shows the backside

wiring for a device with individual access wires. '[he layout on each chip is seen in the photograph of

Fig. ;12(a), while the chip in place on the substrate with ii,q connections is seen in Fig. 12(b).

2O
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Fit,rum 7. Sequential steps in the development of a 4 × 4 array of membrane light valves.
(a) Fotoeeram substrate with h-,les.
(b) After filling holes with conductive mat,,vial and forming electrode caps.
(c) After forming a support structure.
(d) After adding meml_,ran(..
(e) After bonding semiconductor chil)S to backside of substrate.
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SUPPORTSTRUCTUREFORMEMBRANE

FEEDTHROUGHSWITH
ELECTRODEHEADS SUBSTRATE

I

SECTIONAA (o)

Y2 Y3Y4
CONNECTIONPADS FEEDTHROUGHS

FOR
EXTERNALWIRES

SND

SEMICONDUCTOR

CHIPS (b)

= YY2

_'_SUBSTRATE GROUND

FEEDTH _ FEEDTHROUGH
c d (c)

Figure 8. (a) A pictorial represcntati(m of Section AA of Fig. 7(c).
(h) A schematic representation of the backside of the sub-

strato showing the _miconductor chip in place and its
_sociated wiring.

(c) A schematic rel)r(,sentation of a semiconductor chip
showing 4 MOS trtmsistors and their associated wiring.
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(a}
BEAMLEADS

YI_(Y2) a,(b)_CH,P-, I c,(d) YI,(Y2)[ i -i i , "n'-'nt"Irf_-r, , ..........
II --- III II XlGNDX2 II

I , _I , II

f
, FEEDTHROUGHS

,/" \

(b}

CONNECTIONPADS
FOR

EXTERNALWIRES

Figure 9. (a) A detailed view of a semiconductor chip and its
associated leads on the backside of the substrate.

(b) A pictorial view of the chip on the substrate.
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!l 0 I!!i o,IliO/ll, 0 q

0 I!II 0 IIII 0,11,0 _1

0 I_',l0 i_,i0 i_Ii0 H
LL-_JLL;4LL--J4

• ! t! .I !! w

I" /I I I I I I I I I
I II II II II I
i fl II II i i I

(o)

MEMBRANE

i:. INSULATION SUPPORT
'_ LAYER STRUCTURE

(e.g.SiO) , ,

SUBSTRATE ELECTRODEHEAD

FEED
" THROUGH

(b)

Figure 10. (a) A 4 × 4 array of square-element membrane light valves.
(b) A square multiple-element membrane light valve made

up of a 2 × 2 array of individual elemenL4.
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Figure 11. NASA 8 × 8 arrays.

Three practice fabrication runs were made using Fotoceram substrates. First, feedthroughs

and support structure were hdded to the substrates. RCA Somerville then formed the backside

metallization pattern and beam-lead bonded "dnmmy" semiconductor chips at the appropriate

locations, and encapsulated the chips on two of the samples. (The chips were mechanically the

same as the actual chips but did not have transistors on them.) Finally, we added the membranes

to complete the devices. These dry runs served to identify potential areas of incompatibility in

the overall fabrication process. After all such difficulties were resolved, a fabrication sequence for

the final device was estabhshed.

25
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(b)

Figure 12. (a) Layout of MOS transistors and beam Leads on a chip.
(b) Chip with beam Lead connections in place on a .ub-

strate.
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VII. I,,XI''I,ItlMb, NIAI,.... II1'_,._1]1,'I',_

A, lane I h,in_,nl,_

Early oxperimeni.n with Illpnlllrlinp line plempnl_-; wprp nladp I_j dl,h,rndnl, lhe ,_l,llarlll.i(m

hotwpen nlomllrmlp and I_h,etrlidp, llllll I,Iil, Ilip{Ill Illpllllir/lllt, thh,knpm; Iwc,_h,gl(g_ (IliiIlhl flpfh,e-

l,i(lnl_ ttliffteii,nt l.(i prodn('l, ti Ctllll,l'illd. i'iilill ill' lilllllll I()lil Ihl, ih,h,l'l_lr wil,h fill iilllllh,II will,lilt, i,

(if rio V or 10ttfl. The t,pst 71,hil'h, ill41,(l hir IJii,_ lliii'lli)_;i , wiul li lliiliillh, llii li [i-i,ili h.v [i pin tlIli_14 tlull.

stratA, with llilie line eh, nlenl,s ()1' I,hl, type _d_,,Wil ill I"i11. Ill(l, e×eellt l.hlil wide iilillll(irl_ I-B Inlli)

were u_io(l hotwi,on oh,nlpnl._i. Eii_,h i,l,II wii,_l(till)ill ().2b mill widl, with i,h,_,l,rodp;i hlill' il_i whh,, I1
I

l

;_ was found to he |ldvantage.otlS to dell(isil, siliv_Jn lllilliiixidp ()vpr I h(, Ihll, (,l(,('t,l'()(ll,14 t,o lirl,vpllt, tl

local defect from shorting out l,he elitire liill, i,h,nll,iil, l)ozi,ils ill' such siUllllh,s wit,h nunll,riius

, variations were made. Ele(;tri(:al and olitical llrOll(,rt,il,s (ir l.hl, Ihl(, (,h,ln(,iill,s were d(,t-rnlhli,d and

recorded. Different materials, either evaporate(I (n' llhll(,(l, were tried f(ir the menlllrane, but be-

cause of early success with plated nickel film>, rot)st i)!' the saml)les were made with this type of

membrane.

After a visual inspection of t,he samph,, checks were made of electrode eontinuity and for

shorts between membrane and electrodes. Next,, data were taken in the simulated optical memory

system of Fig. 3, with a helium-neon laser light source and a photomuitil)lier tube detector. Usually,

the detector aperture was about the size of the geometric image and the filter aperture was about

equal to 2_f/W. The light intensity at the dete('tor ( I ) was measured as a function of the applied

voltage, and photos such as that of Fig. 13 were taken, from which contrast could be determined.

ZERO
i

: LIGHT
LEVEL

', ¢,D
Z
u

¢1i

m

Figure 13. Detector output vs. applied voltage. The straight line shows
the sawtool.h w)ltage, whih, the curv(,d wavefllrni shows Ihe
light variations. 'l'hp voltage st'at(, is 20 V/div. The data art,
for lint, 3 of sainph, R-I(II whi¢'h had Ii menllirane 0.36 .m
thii_k and II SUl)l)ort si.rtl('l.tlr(, .1._/llll high.
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F.r nil m_.'h photon, the zero light, lewd is at the top line of the graticulo and light intensity il_erenspn

in the dirot,tion t_h(_wn.Aloe, the scope sweep speed is _wnyn 5 mmu,/div., unlesn .therwim, ntA.ed.

Data from interferometer meamlremonl,n were lined tt_ plot the cenl,ral tloflection (zt)) Its a funeiion

DEFLECTION
(MICROMETERS)

d

MEASURED
VALUES

1,0 \
, k,,.9. MEASUREDDEFLECTION

'_' "" "_/ MINUSORIGINALOFFSET
/W,tHv=o

,[i_ _-i i'-_ -_J"

',= .5 o"_ '+

/ _l = i I I _ VOLTS
0 20 40 60 80 I00 120

Figure 14. Deflection vs. voltage for line 3 of R-161.

of applied voltage as seen in Fig. 14. The same data have been replotted on log-log scales in Fig. 15.

The plated-nickel membrane was typically quite flat, but was located below the support structure

,, surface by about 0.1 pm or less, as indicated on Fig. 14. This probably occurred when the photo-

resist was polished before the membrane was put on. Since the resist is softer than the support

structure it would polish faster, resulting in an undercut of the type seen. Another contributing

factor might be a slight sagging or shrinkage of the resist after polishing and before the membrane

is deposited. Because the membrane surface is quite flat, however, the small offset from the surface

of the support structure does not introduce significant problems. By combining the two previous

sets of data, 1versus zo could then be determined as shown in Fig. 16.

Test samples were fabricated with support heights ranging from less than 2 to more than

6 pm. Membrane thickness ranged from 0.18 to over 0.5 pro. The best results obtained from

these elements were well within our requirements. For example, one sample produced a 15:1

28
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0110 I I I i i i lal I I I , ,, ,,I• 20 40 I00 200 400 I000

VOLTAGE(VOLTS)

Figure 15. Deflection vs. voltage for line 3 of R-161
replotted on log-log scales.

contrast with 40 V applied. Several others showed a contrast of about 10:1 with applied voltages

ranging from 25 to 50 V. The favorable performances indicated that a line element with a plated-

nickel membrane about 0.4-#m thick, and a membrane-to_lectrode spacing of about 2/_m would

meet our goals, while maintaining a reasonable yield from the fabrication cycle.
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RELATIVE
LIGHT

INTENSITY

1,0

,9

,8

,7

j ,6

I:
,5

,4-

,_-

:"."" ,I - OFFSET/

O' , _'i , I , i , I , J , , , I , ' _ DEFLECTION
.I .2 .5 ,4 .5 .6 .7 .8(MICROMETERS)

Figure 16. Detector output vs. deflection for line 3 of R-161.
qhis plot was made by combining the data of Fig. 13
with the curve of Fig. 14 drawn through the deflec-
tion values as measured from the support structure
height.

Some other data obtained from line elements are shown in Fig. 17. Light intensity versus

voltage is seen for three samples in (a), (b), and (c) of that figure. Pulse experiments were also

run to determine switching speed and fatigue behavior of the elements. The pulse response in

air of one element is shown in Fig. 17(d). Another element of this sample was cycled 189 × 106
times (5 hours and 15 minutes of pulse excitation at 10 kHz). No change was discernible either

in the light reflected from the element, or in the appearance of the element itself after excitation,

indicating that fatigue effects, if any, are small.

Switching of a line element was done both in air and in a pumped-out enclosure. Operation
is slower in air because of the molecules which must be squeezed out from the space beneath the

membrane as it deforms. An early sample (MC7) with an evaporated aluminum-zinc membrane

0.60-pm thick and 6.5-pm high support structure was pulse excited in vacuum and caused light

oscillations at 330 kllz. By using a slower rise time excitation pulse (e.g. 10 psec), the amplitude
of the oscillations could be reduced to very small values. More results in vacuum were obtained

3O
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(a) (b)

(c) (d)

Figure !7. l)eteel,or OUtl)UL vs. applit,d voltaire. Tht, vc_llt_'_t,
scale is 21) V/div. for all photos except (c). where
it is 10 V/div,

(a) lane 5 of R-172 which had a memhrant, thitrktu,ss
(1), of 0.;1 /am and a support structurt, height
(d), of ,I,0 t.tna.

(I)) lane :3 of R-178 for whit'h t - 0.22 pm aud
d 3.:,1 ;_m.

It) lane 1 ol R23q inn wifieh I 05 ;_m and

d 3.3 t-_In,
((It I'uls(' r('sl)OnSt' o1' line .I _1' R-2;38 I'nr which

t 0.1 pin and d : 3.1b/am. The l_)p wt_w,-
l'orm shows the dt,l.t,cl,nr oulput with tht,
bottom voltagt, puls(, al_l)lietl. Tht, horizontal
time st'ah, is '2,)11/._se_./div.I'_l" this pholo.
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wilh otlmr lyp_ cff _,hmlonis whi_'h will h(_d_,t;,'rih,,d laWr, Ill nir, Hw _mn,' Ihw vl(,mcqii of M('7

Wa_-it;ooll 1.o hnw) II flint r(q-li[m of r_t_pollm, folh)wull I)y tl M()wur lnil lln lira air wl_n for_,_,d Olll Of

fill' l_]Ollilqll IIIIlII'IL

11, Nqtmr,, l':Ivlil,'lil_'i

M,,i_ hriHil, ,,h,rmq11)i ()._41i.llilH li,llllll',, w(,J_,,l'id.'i,,id,,,l ,)If II l.w,)-tlhliiqilih)llld );rhl _;Irlwli.'(,

lill|(ll_ (HI I! JH'tll hy _H'lll _llilI!l liHh_Itrld,., l,llil, ,,h,,,Ir(.h,,_ w,,r,, l',wlil,,d I,) I., I|, I I) mHi whh0, l|iiil

j(l l'lill III (II11) ;'JlIJ|OI|HJ(|II (IIIJ,V lll|(.J('l' (fill) |'I|W Ill II¢illlll'P ()JJqlliq)Jq, ,A llJlJ(',ill lll,illli'_iJJl) JlJlllllg('l

:lh_HH l-liln Hd('h v.'Im d(,l)(mil(,(l (w('r lhu iltHmlrld_, IJ) Jlmldldl, lho uh,_'Ir()(h,il l'r(ml lh( 0 idHlnhHml
I

;; fltll)JlOl'l, lll.l'tll)tllr(, wJlJPJl WlJll l|lli)lll. J,:_J-).llllli lhi(,l_, l,ixueld for It J'ow llh(ffilh ihl,l'l' Wl'l'l' III)jll'i)JiJl,lllll

nielwl ah(ml (}..lopm thiel_. 'l'hrvl, rlmnph,_i of l.hii_ l,yl.' w(,re vxh,Imiw,ly h,Mvd, lhdn wml Inl,.vn l'i.'

(),_[_.lillil.lillilllrt, (,h,lill,lllS iil'l.ival,(,d hy ii _iiiigh, IiliU, iiild lllili) for iliiritihih,d hlrgl, (),Tl).llllll..liqtlllYi,

(dl,illi,lll.s t'iinilni_t,d ()1' iiil X l| grlitll) ill ° t.h(, li,_i_oliilll.)l(ltllil'e eh,nlt,iitl4, alld tl(,I.tval._qi iiy Olliq*giZilill

the I.hri,(, lili(, t,li,_,i.r()d(,+ hl,nt,litJl thtlt, grlitlli i¢illitlll,llll(,OtlSJy, Ni,vi,ral t,lellli,llJ.ti of t,ilt'Jl kilid W(,l'(,

l.(,si.t,d t)n t,viq'y _ilinil)le. lit the sinluJated tJl)tit,iiJ mt,lntiry sysiJqll, tilt, averlige t,t)ntriist ilit,aStil'(,tJ

ftir the single eh,nii,nts t(,stt,d was | 0.<1 ill, fin averal.f,i, alil)lied vtiltagt, tit' 33.1 V, with an aiptwtul'e
#

in lhe i'tn'al l)|ane of tilt, inlaging lens of aliout. 1 toni dtalnett+r. This apcrturt, is iilrgt, enouglt to

, let through the first order light of the support grid strucl,urc. With tilt# ailierturc reduced to 0,t4-ninl

diallloter t,o i+xi!ludt._ till, first order light from the image, contrast increased sul)sl,anttally -- as

much as a factor of 2 in some cases. Contrast as high -as20 was ohtained for ai single element for

this case. Simulaled multiple-element light valves were also found to operate with a contrast of

10 or greater at voltages below 50 V, with various aperture sizes at the focal plane of the imaging

lens, thereby meeting our performance requirements. Another test was run on a single-element

wflvc using ai fixed focail-plane aperture of 1-mm diameter and various aperture sizes at the detec-

tor. The result,s are shown in Fig. 18. It can he seen that in the range measured, the contrast im-

proves as the detector aperture is decreased. The highest contrast of 30 was obtained with an

aiperture [:bout 0,68 times the nominal image size. Of course, a reduced detector aperture also

means reduced light at the detector but ai trade-off might be desirable in some cases.

A curve of light intensity versus voltage for one square element is shown in Fig. 19(a), while

the pulse response of an element is shown in Fig. 19(b). Corresponding pulse responses of ele-

ments from two other samples are shown in Pigs. 19(c) and (d). Note that in air, the rise time

for the three elements varies from less than 10 psec for one element, to 200 psee for another.

The resl)onsc in vacuum of thr(_: elements is seen in Fig. 20, whi(.h clearly shows the oscillations

in the ieflecti,d light from tim memhranes as they mechanically vibralx:. Note that the resonant

froquencies range from 530 kHz to 610 kHz, which is a small variation compaled to that of the

responses in air. The reason for this appears to he thai the rcsl)O, sc in air is dependent on the
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30

_,0ffJ

5 X_x_x__.x

_tol_ i I I I I I ,,, i I.0 .75 1,0 1,25 1,5 1,75 2.0 2.25 2,5 2,75v

DIAMETEROFAPERTUREAT DETECTOR(ram)

Figure 18. Contrast vs. detector aperture size for one
square element on line S1 of sample 2D-5.

number of micrometer-sized holes in the membrane of an element, which are a by-product of the

fabrication process. The greater the number of holes, the faster is the response -- presumably be-

cause of less damping in air. A microscope inspection of the samples showed that 2D-5 had the

" greatest number of holes per unit area, 2D.3 had fewer holes per unit area, and 2D.,1 had the

fewest holes per unit area, supporting the above hypothesis. More results of excitation in vacuum

are shown in Fig. 21,

C. Circular Elements

Membrane elcnwnts 0.75-ram in diameter were made only on Fotoform -- Fotoc_ram sub.

stratt,s with feedthroughs. They were a(,_.cssed by individual wires connected to the metallization

pattern on the backside of the substratc, which brought out a conductor from each fccdthrough

to a pad. In this respect, the circular elements differ from th _(: of the line and square elements,

•----'_'"': ' ...... _.. II, I . " . ...... . II JJilll..JI .LIIIIUUI • I 1_ I L --
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(c) (d)

Figure 19. Dr,lector output vs. Uplflied voltage. The voltage scale is 10 \' ,div. for all pht_tos.
(a) An element of lint, 81 on sample 2D-3.
(h) The pulse response of an element of line S1 on 211-3. The time st'ale is

60 l_sec/div. The applied voltage pulse is shc_wn t_l_ tile ,saline base line as the
light output.

(e) An eh,ment ol' line ,",ll on 21)-,I. The time scale is 200 t2se_'/div.
Id) An eh,ment of lint, S1 un 21)-b. The time st'ale is 1(I l.tSt'c/div.
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i

(b)

(c)
Figure 20. l'uls¢, r¢,sl*Ol_' in Wlt'UUUl. 'rh¢, voll41ge se'ah, is 10 V/div. for all the l_hoi.os.

(_t) An ,,h,m_,l_t. eft' lin_, Sl cm 21)-:1. 'rhe time scale is 5 psee/div., fll :- f_80 kllz.
I I,b ,.\_ eh,m_,_l( or li_:,, 81 on 2D-,I. The time scale is 2 psee/div., fll '- 610 kltz.
(¢'1 .,\n eh,m¢,nt of lira $1 ¢_n 2D-5. The time scale is 2 iJsee/div., fll -- 5;_11 kltz.



I

(n) (b)

(c) (d)

Figure 21. Pulse response ill vacuum with changes in the applied voltage pulse amplitude and
rise time for an element of line S1 on 2D-3. The voltage scale is 10 V/die. for all
the photos. The time scale is 5 _see/div. except fo.' It), where it is 25 IJsec/div.
(a) Similar to Fig. 201a) except that the voltage pulse amplitude has been increased.
(b) The voltage is increased further.
(c) Same as (h) but on a compressed time scale.
[d) The voltag,, pulse rise time has been increased resulting in reduced amplitude

of oscillation.
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which wore made on _rdinary glass with evapt)rated eh,t'trodes and eonneelitm Imd_ on lilt, ,same

sidt, of the substml.p m; l.ho mpmbrane. The i_sp of fl,pdthroughs inlxodm,ml eOml)li_'#_tit_nt_whivh

did not exist for lhe clcmpnts proviously dpscrib[,d, and whiell affectpd olmrltiion _fl' lhe G,in,uh,r

oh,mmat,, lem. example, the silver epoxy used as tim feedl,hr_n.lgh mal._,rial i_;quite gr_iny and I-;_:1'1,

n,hdAveI,otlmIsllhnl,l'tlto,{_tmsequenl.lytd'l,erI,hc0,25.mm-dianwterholeswon, filledwilhl,he

epoxy,and thesul_si.ral,esurfacewas groundand polished,the,ilw.,rfpedthroul,.h_url'ae_,was

i,ypicnllyunth,r.,utand irregular,Then,for_,,ifthefi,edthroughitselfwereusedtu,thedriw,eh.,.

troth,,as itwas intheearlicsl,samph,s,il,would he farl,herfrom thememhrane thanthesuplmrt

i_l,rtwt.ure height, and non-uniform ow,r its area as well as rrom eh,ment 1,o element. ,qome ira.

, provementwas olH.ainedby evaporating0.5-mn_-dianu,teraluminum capsow,rand aroundthe
L

silver feedthroughs, and then grinding them back to get smootlu;r, flatter electrode surfa¢.es. This

hellx, d somewhat but the grinding operation again pr(xhwed non-uniformities in electrode height,

which caused corresponding variations in the voltages nt!cded to deflect membrane elements a

given amount. The next modification involved offsetting the feedthrough element from the optical

element area, and insulating the feedthrough-electrode combination from the metal support struc-

ture with an SiO blanket. Thus, the drive electrode in the effective element area would be a de-

posited aluminum layer similar to that used for elements made on ordinary glass. Samples with

plated-nickel membranes were made and tested with each of these types of electrodes used to

drive the circular elements.

Circular elements were tested in the usual optical system to determine contrast and pulse

response. Results Cot two samples are shown in Fig. 22. Maximum contrast is seen to be about

15 in the light intensity versus voltage curves. The pulse response of the two elements shown is

seen to be rather slow. Again, it was found that switching time would vary markedly with the

fastest times associated with elements having many holes in the membrane. One such response

can be seen in Fig. 23, which shows light intensity versus voltage for the element as well as rise

and fall times. One circular element of sample RX1 with a 0.6-pm-thick membrane was also

tested in vacuum and found to resonate at 125 kHz when pulse-excited.

, Experience with the 0.75-ram-diameter circular elements indicated that a device with a

0.8-t_m-thick plated-nickel film for the membrane, and a separation of about 2 pm between elec-

trode and membrane would meet Gut performance requirements.

D. NASA 8 × 8 Devices

Completed 8 X 8 arrays with individual access to each element were mounted on a holder

and electrically connected to an electronics test panel, which could select m_d drive a single ele-

ment or which could scan an array in a sequence determined by an external trigger. By viewing

the image of the array on a screen, or letting it fall on a photodetector in the simdlated optical

memory system, operation of devices could be evaluated. More than half a dozen samples of this
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i type wen, tt,sl,ed thi_ wily. Fast opt,raticm ¢)f all _,h,m_,nt was m_,asur_,d hy driving il, din,etly from:i

a Iml_c gem,rat_r rathl,r i.han l,hrongh the ch,el.r_mie_ conlrcfl Imnel. The _,h,ctrcmi_,._are deseril_ed

mnrc fully in Appcndi× A.

_(_mv _f l.lm data ohttfined from N × N array_ haw, alr_,ady h_q,n dem'rih_,d in lh_, s_,clion ful

circular eh,meni.s. ()l,h_,r data inwflw, unifc_rmity _w,r i,ln, array, and wlriai,ifm _Jl'prtqmrtie_ with

c,lmnl,e.q in dinmnsitm_ or tlm geometry of the elemenl,, l l_ing the, eoni,r¢_l Imm,l c,h,elr_llic_ an

N X N array would he scanned lit a low voltage, and the _'t_rreslmllding eol_l,ral_l, o[' eh,mt,nl,,_ WOtlld

he n()l,ed al, the image of the array on a scr:,en. At.' the voll, ag_, wlts im'reas_,d in sh,l m, l'urther

changes would he ohserw,d until the entire nrmy was Cq_cral,ing with good cunl.rast _r l.he reasons

' why it. was m_t were determined. Ore: common fabrication problem inwflw,d c_llapsed t_r partially

collapsed elemeni,s on a completed sample. The first arrays were made using the fe_,dthroughs

directly a_ electrodes which result_+d in many problems as previously described. The samph,s with

0.5-ram-diameter aluminum caps performed much better but were still non-uniform. The grinding

step would leave the caps higher in the center of an electrode: than at the periphery, and produce

considerable variation in the height of m_ electrode from el+=ment to clement on the same sample..

One sample (RC6), with cap eleetrode_, when completed had 'all 64 elements intact, flat, and

quite specular to the eye. However, two shorts between membrane and electrodes were found

during electrical checkout. While other elements worked, they did not Operate at the same applied

voltage. Some elements had high contrast at 30-35 V, wl-ile others did not have good contrast

until perhaps 45 V had been applied. Because the membrane on this sample was only 0.6-pro

thick, it was not strong enough so that the ceils which deformed at low voltage could withstand

the higher voltages needed to operate other cells at high contrast. Consequently, several elements

deformed permanently or tore when higher voltages were attempted. Operation at a "safe"

voltage (_38 V) meant that some elements were not operating with a satisfactory contrast ratio.

These problems were fairly typical of early samples.

Later samples with 0.75-mm elements were made with 0.8-pro-thick membranes, which

proved to be more durable and stronger than the thinner ones. Other samples were made with the

feedthroughs offset from the optical element area and the drive electrode beneath the entire

0.75-ram-diameter element. A blanket layer of silicon monoxide was used to insulate the feed-

throughs from the aluminum support structure. Several shorts between the feedthroughs and

supports were typically found on such samples even with SiO 2-pm thick. While we could make

even thicker layers of SiO, we decided to try silicon monoxide support structures, thereby

eliminating the need for alumin:_m supports and .quite possibly easing the short situation. Early

results with this technique have been encoura_ng and we will pursue it further.

Samples with multiple-element membrane light valves as described in Section Vl have also

been made on the Fotoceran_ substraWs and tested in the usual way. Some of the same difficulties

were encountered in making arrays of these elements as previously described for the circular

ch,ments.
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Other tents made on NASA 8 X 8 devices involved simulations of the final device by con-

necting n MOSFET to an electrode of a sample, and evaluating the performance of the combina-

tion. Several nemiconductor chips wit1 four transistors on each, an designed and made by R¢_'A

Somerville, were cut, packaged in sLandavd 14dead DIP eases, and delivered to us. Tests showed

that all of the original npeeifications had been met. The breakdown voltage between any two

t_rminais of a MOSFET exceeded 50 V and in some cases wan 70 V or more. In addition, pulm,

teats with simulated loads verified that the transistors could drive an element to 50 V in I/_sec:

or less, with appropriate, pulses on the gate (X) and data (Y) lines. Finally, the transistors on a

chip were used to drive actual elements on a NASA 8 × 8 device by making the proper con..

nections to the individual access pads. Some of the results ave shown in Fig. 24 for element

, (3,3) of sample RC2, and a TC1022 experimental transistor driven with appropriate pulses. 'I'h_,

top waveform is the data pulse (Y), the middle waveform is the gate pulse (X), and the bottom

waveform is the light output from the detector. In (a), the gate pulse overlaps the data pulse

completely, so that the element charges and discharges again when the data pulse occurs. In (b),

the pulses are narrowed so that the gate width is 10/_sec. The storage effect is seen when the

gate pulse terminates while the data pulse is still present. In (c), the pulses are narrowed further

so that the gate width is about i/_sec. Note that the contrast has decreased because the element

did not charge fully in 1/_sec. In (d), the gate and data pulse amplitudes were increased to 40 V

from 37 V. Note that full contrast is now obtained since the element does charge sufficiently in

I/_sec. In (e), the same waveforms are seen on an expanded time scale. These results are seen to

verify proper operation of the transistordight valve combination.

As a result of the preliminary tesf_ with NASA 8 X 8 arrays, all phases of the delivery item

fabrication and operation were evaluated, even before a device with all the components had been

completed.
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(a) (b)

(c) (d)

(el
Figure 24, Waveforms sht)wing simulated opcrt_tion of the final device. The voltage scale

is 20 V/div. for _dl the photos. The zero light level is at the top line of the
graticulc. The tim(, s,'_d_,is !0 iise[,/div, for (_), (b), (_'), t_n(| 1 /Jsce div. for (dl.
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VIII. I)IBC,IJ881t)N

It i_ of intert,st to con_id_,r tb,, _,xp,_rimc_ntaldahl wifll r,,fl,r,,n_,¢,to tlw analys,,s pr,,viou_dy

performed for ¢qeetromechanic'al operation, Not_, that Eq, (B) pro,diets that the c_mtral dt,fh,c,titm

(Zo) of a line element with a conntant built-in ten_lon, is imq_ortional to [Iw nquar_, of the, appli,_d

voltage (V), while Eq, I11) predicts that zo of n line cq_,ment with tension rt,_ulting only from

elongation of the fihn is proportional to the two-thirds I)¢_w_,rof V. Ftgur,, 14 sh¢_w_l,h_,t,xp_,ri.

mentally found dependence of zo on V. Figure 15 indic'ates two hroad regions of ¢,xptm_,ntial

influence. For small deflections, the exponellt of V (the slope, of the lines through the p,,int_l

, appears to have a value of about 1.7-1.9, depending on how one draws a line through t]l__p,,inl,s.

For deflections larger than about 0.8/Jm, the exponent is about 8.6. For the region of small

deflections, we would expect that the built-in tension dominates since there is little elongation.

Therefore, the exponent should be close to 2. As the deflections get larger, the assumption that

zo << d no longer applies and one would expect that for fixed To, an incremental change of
voltage would produce even greater deflection than predicted by Eq. (5), since the center of the

element membrane is closer to the electrode than the nominal separation. This effect appears to

completely override the effect of increasing tension caused by elongation. In fact, for deflections

which are an appreciable fraction of the original separation, a runaway situation can and some-

times does eventually take place with the thin film collapsing on the electrode or tearing. The

above data suggest that the built-in tension in the deposited film is much larger than that con-

tributed by stretching of the film. The vacuum tests support this view because the resonant fre-

quency of the membrane did not vary appreciably with changes in the amplitude of the exciting

pulse. Another point in support of this view can be made by calculating the tension in a film

from Eq. (18) repeated here for convenience

1 _Tofl

For thelineelementofMC-7, forwhich theresonantfrequencyof 830 kHz was measuredand

forwhich W~.25 mm, 6_9_.7gm/cm 8,and t~0.6/zm,itturnsout thatTo from theaboveequa-

tionis44 Newtons permeter(N/m).Thisrepresentsthetotaltensionin_,hefilmregardlessof

thecause.Now we can estimatethecomponent of tensioninthefilmcausedby elongationfrom

Eq. (8),T = (AW/W) Et. We have alsopreviouslycalculatedthe incremel_talstrain,(AW/W),

fora deflectionof 1 /Jm of a cell0.g6-mm wide and found itto be 0.43X 10"4. Using

E = 7.3X 1010 N/m 2 foraluminum-zincintheequation,we can solveforthetensionto find

T_1.9 (N/m),which islessthan5% ofthetotaltensionintllefihn,evenwitha deflectionof

1/Jm.Thus,thetensionintroducedinthefilmduringfabricationappearsto be thedominantone.

The totalstraininthefilmwould be about0.1%,which isstillsmalland wellwithintheelastic

limitof most metals.The experimentaldatasupporLLhispointsinceno changeinth¢_operating
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Imt._,d h,,r_., that in (_t,lmr w(_rk wii,h In,,inhrnlm vh,m,,nl._ (r_,f, 1), n_) l'nliHll,, ,,l'l't,_,l_ wvr_, _,,,li

{Wvll afl,l,r | (}l 2 t,y{'lo_ {)l' (Hmral,J(m.

Tim Inflm' rt,l_l)()lll_l' _f lntqnl_rllnt, (,h,lll_,lll.i_ IH_I.IIin nit mid in vm,i.ltlln _ll(_w_,d l,hal, l'a_t (H.,ra-

1.i_)_}_1' I,h_,_, light vnlw,_ i_ I}(_mhh ,, I_ w.'lHIm, vihra_i()m_ al. i'_,t_(mmw_, mu_l, I., nw)J(h,d, 'l'hh_

_,Im I., a.,'_mlllli_lwd by tl_inl_ driw, In._l_,_ hlivil_ll ri_l, I,inwl_ whil,h Ill'i, i;h_w r_,hlliw, I,(_ lh_, nnll.lr_l

vihrlH,h_ I.,ri_d (ff tim i,h,ml,nl., Intl. whi_'h _'m_t_l,ill I., i_ tim 5.1()I_m'. rlinl._,, Am_l,lmr p(_._il_ilil,y

in 1._)I)h.,d in_ol_)ul-_,hair l.{i i,ril,i(,ally (il|ln I) thv i)_(,illati{)n_. II1 lilt, il, Wll,_ I|_d,l,(I I'l)r I._l,h I,lll,

f_llilllre Illl(l I,ho (,h'(,tlhlr IIIIHIIIH'IIIII' eh,ml,nl,_ I,Illll, I,ho Slil,l,d (ff rosl)ol_l_l, i_; _-;l.r{_llt{lyal'l'{,i,l,(,ll lly tim

, i}tllHI)('r ()r Ini('r()ll'llq,or°size(I holes illtim Ilml}lhrllllO, I,'asl,(,sl, l'(,141)OllSl, (-- 10 i1t;o(,) win4 };I,IHI l'()r

iq_,m{,nL_ with tim m(mt, h(d(,s, which allow I'_)r I.Iw easy I)as_agl, ()f air ill|,(} mill (ltlt. {)1'flu, InlqlihrHIl(,_

1,1)-o}e(d,r( )(_e Spa{'e.

The analyses of ol)th_al performance were v(,_ useful in understanding ol_eration of the light

wdves, and in predicting experimental responses, The geometric opth's apl)roxhnathm was ust,fuL

in In'edit'tint that about 1.pro of defh, ction wouhl result in an optical ct)ntrast of ahout 10 at the

detector. This value in turn was used to calculate that about 50 V migl_t I)e sufficient to operate

a ().25.ram-wide or larger element. The more complicated computer analysis wlaich inclu'led con-

siderations of diffraction effects also yie.lded useful results. One of these was the predicti¢ '_ of the

oscillatory portion of the curve of the light intensity at the detector as a function of defle,'tion,

as can be seen in the calculated plot of Fig. 5, as well as in the numerous photos showing I versus

V. The ahn'eement between the calculated and observed behavior can be seen by comparing Fig. 5

with Fig. 16. The two plots are quite similar with the only appreciable discrepancy occurring in

the location of the peaks and valleys of the oscillatory portion of the curves. The factors which

may be contributing to these differences are the non-parabolic deformation of the element in the

actual case, the differences in the reflectivity of the membrane and support structure, mad the

actual placement of components such as the focal plane aperture in the experiment. The qualita-

tive analytical results concerning variations in illumination mad in aperture size at the focal plane

and/or at tile detector have also been verified by experimental observations. It is clear that

" system trade-ells are possible to obtain high contrast operation of a MLV by the appropriate

choic.c of aperture size used at the detector and in the Fourier transform plane.

Experience with the fabrication of light valves on ordinary glass substrates and on Fotoceram

substrates with feedthroughs clearly pinpointed the problem areas which need to be worked on.

Common to all the valves is the need for a defect-free membrane with no collapsed elements.

Altllough difficult, this has been accomplished and can be done. in addition, tlae use of multiple-

eh,m_'nt valves alh,viates tilt, problem somewhat. More serious are the difficulties associated with

ttu, h,edthroughs. Different materials should be investigated. Various improved techniques of

fillinl_ and smoothing the etched holes for feedthroughs are possible, but have not yet been tried



heenuseof time limitl_titmf_, This type _d prtdflem ix n_fl fundannultal and we Indiew, it will yiphl

to rea_onahh, tpehmdogieal efforh_ 1,_t;_dw,il,.

AIl,lmugh tilt, @timum tpehnitlup l'_r making I|ll H 7. Hilrrlly hlld il_Jt Iil,t!¿ldew,bqmd w_, In'_-

e,eeth+d with tim h_l_t of l,hp avatlahle mel.lmdt_ l,e_fabrieal,t, the NAHA deliw,ry il,pm, AI__1' the writing

_f l.hil-_rep_Jrl,, II,CA Hc_mervilh, htm r_everalmdml.ral,pl{wil.h _dl'l_etl_,.dtlmu@lt_ i._ which they arg,

hol|dhlg thp i,,emle_mductor ehllm. Mo_l _d' thpnl haw, I|n l|lunlinllnl ILIIplm(_rl,ilt.rllvl.llr_,while, 11I'(,w

haw. NiO HUl_lmrl,.,After the ehtlm _m, Inmded toni h,lfl.ed in Iflaee, w_, will finNh t,lu, _l_,vl_'_,_{hy

_ddhig n membr.ne. We will then evnhmt,e the .m_,V. lind deliver tln,m I._ NAHA, Ih,_erilfl.i_m__f Ifll

the lm,lhnhmry tetfl,_which were already Imrr_;'nn'_l wit,lurer the I'imfl_l_,vi_,_,haw, already IH,_,nIdw'u,

in addition, we haw, ready a test holder m_d ,m eh,etroniel._ l,e_t Imm,I t,_ I_, ul_ml in evahmtinl_ the

lmge composer. The eh,ctrontc_ illchlde lln _ X _ s_,lllh,onducl, or memory with 1.161)hltlieaturt_ I't_r

storing and displaying a selectt:d page eOmlmser pattern. Means art, provided t_ mltlress an eh,mt,nt

in various modes. Drive,pulse duration and repetition rate art, varialde over wide fringes. Data etm he

entered at TTL levels either manually or electronically. Further details are, found in Aplmndix 14.
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APPI",NI_IX A

I,',h,vl,l'lllli_'hI

Tim I_lmt,_t-,,rlqlh_Jl'I,'ig. :_1-__tlmwtil.h,, I'r,Jlll. Imni,I _Jl'l lm ,,h,,,l,r,mi,, ,,,lllilmllqll. llfll_(I I.,_l.,mt.

l.lm ll4-vh_menl, indlvidlmlly ai,i'efmilpl,,im,mlwl_ll,, Ill,hi wdv,, _,mlJl,,t_,I1 i_;i1_,,_1wil.h i_vl_rhd_l,,

iml_tl,lw,ov,dtallv i,_w_,r Ii11111'1'1'whh'h i,i111t1'1Ill the v_lll4q_,lqq_li_,dI._JIlw Im,mlmum i,lvmg,nl.I_.'1'_

IIIll_ I,Ill_I'yt'lv ilddramtiiil_d_' II in lllm_ IIl'l'l'lililll',V I,II I'1111111'1'/ 111t IL'.illq'lllll I_llhI_, t_l'lllq'lllltl', The, J'lllll'-

t.h_ntill, umvhhlv Iml'l'ln'ntl_h_l._laddr_,_;,_,n,, ,_1'the II,I _,h,mlull._iimll iqqfly 1.1mI_ml,wdl.lq_,,I_ il.

Figure 25. Electronics I test panel.

Figure 26 is a block diagram illustrating operation. Addressing of an element is accomplished

by operating one of the 8X switches and one of 8Y switches. Operation of any of the 16 address

switches initially reacts the appropriate registrar (X or Y). Simultaneously it is encoded into a

3-bit binary word and stored in the register. The two 3-bit address numbers are used as inputs of

a 64-wire decoder, The decoder, in turn, drives 6,1 voltage switche_ of the type shown in Fig. 27.

The outputs of the 64 switches are connected to the fecdthroughs of the array.
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Fit4ure 26. Block diagram of Electronics I test panel.

5 +V
+ V " ' |

240 I L'_'Nqi26 t62 k
INPUT =OUTPUT

349

390 T 500

%-

Figure 27, Circuit of output driver.
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Cyclic operation ia obtained by connecting the ext,,rnal pulse generator to th,, puls,, input

and setting the ADDRESS switch to cycle. This reconnects the registers as counters operating

at a rate determined by tile external pulse generator.

The output stag,, i8 shown in Fig. 27. The input opera, s at logic levels. The output is ,_almhl(,

,)f 100 V pulses. Output currents are limited to less thml 2 mA to both ground and th,, positiv,,-

voltage power supply. Circuit speeds are limited by the load resistors and cable capacitane,, to th,,

light valve, on the order of 100/asec:.

I
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AIq_ENDIX B

Eh,ctronics II

Electronic control of tilt, NASA 14× 8 lingo' cmnpot_,,r array ireachi,,vt,d hy a machint_ which

provides all the signtfls net,dt,d to tt,sL tht, ling,' cmnposer. It has tlu, additi_mal Cal_a/fility of

operating in a larg_,r aystmn. This is accomplishml thrtmgh flu., us,, t,f a (;.J-hil huffi,r mmnory. 'l'h_,

buffer is loaded from t,itht,r l'ront-lmn_,l swii,che._ (tr an ,,xl,c,rnal sourer, Lhruugh it r, ar.panc,I con.

sector. With the t_xception of tilt, output driv¢,rs, the (h,sign was pt_rformt,d using '1"1'1_logic cirt,uits.

A t)hotogral_h of the. front pamq is shown in Fig. 2S. 'l'ht, controls and indicators ar_, arrang,M

' in three groups of related fum:tions.

Figure 28. Electronics II test panel.

First are those which perform word and digit addressing of the light valves and simultaneously

the output of the buffer memory. Several modes of addressing are provided.

The test pattern section of the panel contains an array of 64 LED'8 indicating the state of

the buffer memory. A toggle switch selects the source of signals which construct the pattern. This

is either the double column of switches or the rear panel connector.

5O
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'the last grtmping _ontain:s t.h_)se eorll,rlfls which lu'e m,_r_, dirp_,l,ly e,meprned with inptd, s

delivered i,t) tim light wdw'. 'l'lae_e include sut'h l.hingr_ it.s c,y_'h, l,imp, Imll_e dural,iota, l,hp "l.flarit.y:'

()f tile I)atterll, t.tt'.

Several eonw,r,l,i(m_ were ad[)l)l_,tl during I.hp circuit th'_il-ln. Thp re'ray t_l' (i,1 1,1,',1)'._Im_ I.,_,l,

wired and labled m.lch that the euntent_ t)l' word 1 _lr_, indieal,pd I)y the l,_)p rt_w tff hEI)'l-; trod

word 8 I)y l,hp h_fl,l,t,m r()w [_f i,l,',I)'ls. Adtlititmlflly, l,hp hqml, l_igjfil'h.mll, lilt (_f e_wh w_rd [111 )

occupies the rif4hl,.,lmnd e_flmm_ lind t,1,_,m_ml. I-fignil'iemfl, IJil, the h,l'l,,h,md et_hmm. The _;l,_l'al.i_,

of a "1" in l,he buffi,r memory lights a 1,El). The circuit detfign i_ am.h l,hat when a "1" i_ _l,_m,d

in the bufh,r an(I a l,l,ll) is lit, the eorresptmding eh,m[,_t of the page con:poser will be refh,etinl_

' light sl)e<:ularly. 'l'la_,re is a direct relationship between the Imsiti_m of any i,EI) within the re'ray

and its related element within the array of lighL valves. The N()RMAI,/INVEWI' switch lmwi(h,s

the means for complementing the pattern at the input of the page composer. This results in dark

spots in the image where bright spots are indicated by the pattern generator.

The address and digit lines arc pulsed under control of an internal oscillator and pulse genera-

tor. The oscillator's first panel controls are labeled CYCLE TIME which is continuously variable

from 20 psec to 0.2 psec. The cycle time is the int_,rval between successive addressing pulses to

any individual element of the page composer. The first pm_el calibratior is true for 'all but one

setting of the mode switches. The address pulse width is variable from 0.5/_sec to 500 psec.

The equipment is designed to operate at a fixed word address or cycle sequentially through

all addresses. Through the use of the ONE BIT setting (FULL WORD/ONE BIT switch) a quasi-bit

mode of addressing is possible. The addressed bit (as indicated by the word and digit address indi-
[:

caters) operates normally. The other 7 bits of the addressed word are driven dark if the NORMAL/

INVERT switch is set to NORMAL, and bright if it is set to INVERT. With the switches set to

ONE BIT and CYCLE _he ,_xnbiguity in the definition of cycle time arises. Under these conditions

the bit address is changing at the indicated rate.

The eight indicators labeled D1 through D8 show the state of the input lines to the page

composer. They all a6q'ee wilt_ the image of a word 'after it has been loaded.

The block diagram of Fig. 29 shows the address generator. Word address numbers (and bit

address numbers when required) are internally represented by a 3-bit binary word. Depending on

the state of the CYCLE/FIXED mode switches these arc,. generated or stored in a 3-bit binary

counter/register. With the switch in the FIXED position cm_y pulses into the word counter/register

(and the bit counter) 'are disabled and the contents are stored indefinitely. Tim state of the register

is indicated by the appropriate word indicator. A new address can be selected by pushing the de-

sired word switch. This contact closure is translated into a 3-bit binms, code and simultaneously a

timing sequence is initiated whereby tim register is cleared m_d the new code is stored. The output

of the register is decoded back to decim_fl for control purposes and to di'ive the front panel word

address indicators. The 3-bit word number is delivered to the buffer memory within the pattern

generator and the word drivers of the light valve input circuits.
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Figure 29. Block diagram of light valve address generator.

When the FULL WORD/ONE BIT switch is operated in the ONE BIT position, the bit address

circuits operate in much the same way as the word circuits. The 3-bit digit-address number is de-

livered to light valve input circuits. As with the word circuits, the digit-address number is decimal

decoded at the address circuit for control purposes and to drive the front-panel digit-address

indicators.

With the switch operated in the FULL WORD position, the digit-address generator circuits

are disabled and the digit address indicators are all lighted. A complete 8-bit data word is delivered

to the page composer.

Cyclic operation through all addresses is obtained by operating the CYCLE/FIXED switch

to CYCLE. If the FULL WORD mode of operation is used, the digit-address generator remains

inhibited.

With the switches operated to ONE BIT and CYCLE both counters 'arc operating and input

carries at(, derived from CP/8. Whether a carry or borrow input is delivered to the digit counter

depends upon the sense of tim word number. Odd word numbers drive the digit address up from

] to 8. Even word numbers drive it back from 8 to 1. Carries into the word counter are generated
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when the digit nddro_ i_ oitlmr D1 t_r lift. 'l'hi_ t..nn._'ti-n n_d_e.s tlw addressed re,Live tilt prcq_a.

gate thrcmgh the array in a _orpentino flit_hicmfrcml Wl I)I 1._ ,';ll_t4 1._ W°l)8 oW,

l,'iguro 30 ia a hlcwk diagram of l,ho patt_,rn gonorat¢_r. Tim main oh,mont .f tho Imttorn gon.

orat_r is a {;4-bit w_._rtl-c_rglufizodm_,lncwy, Tim _l,ato _1' on_,h _tc_rag,+hn,nl,i_m is indi_,at,,d by n

LED on tim frcmt panel, Del_omling on the p_it,icm _f 1,h,,INT/EXT SOI llLfq,__;wiiq'h,l,ho Ilmm-

_ry i_ hmdod from the panel swit,,hes _r th,, n,nr ,,(Hin_,_,l,_r,The mom(_ry i_ loaded a w.rd _d,n

time by _otting th_ digit swii,ehesand then I.'._'_,s,_ingI,h. appr_q_riatoword _wil,_'l_,

8

DIGIT____. _ _ DATAINr---
WORD_ -

64 F/F
..---INT _ ADDRESSIN__.ANDLEDEXT

OUTPUT _ PATTERN_I,sI

8 FLSEL_ cTOR
DIGIT

ADDRESS = DATAOUT
8

WORD
E.

_" Figure 30. Block diagram of pattern generator.

The memory output circuits are under control of the light valve address circuits; input mad

output are independent. The 3-bit word number generated by address circuits accesses the appro-

priam 8-bit word and delivers it to the drivers.

Although located within the LIGttT VALVE INPUT section of the panel, the PATTERN/I's

switch was most easily mechanized within the memory. When set to the l's position it inhibits the

memory.:_utput circuits. This produces an effect on the following circuits as if the memory was

loaded with l's.

The remaining input circuits are illustrated in the block diagram of Fig. 31. '[he oscillator

and its related divid(_r mad pulse forming circuits control the system timing through the word and
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digit _,nabh, pulmm lind th. input _mrrit._ l..- i,h. a¢ldrvs_ gv|wrnl,_)r. 'l'h:.s is a_,c'_Hnplhdmdby

gt,m,rathlg twt_ uimilar Imlm,_h(:1' mid I'P/8. TIw _,l,Ling c_ftim m.th, swiWh d+,i.t,rmintmwhivh

in um,d. l,'(_r vXmnl)h,, will+ l.lm 8wil.+'hi,_+m,Ll.+>WI.}ILI}m+d (+Y(_I+I,',i.hv h)gi(' is+mwh l.hal, th+,

_,nilhh, Imlm,+ +ir+, gi,nt,ral,t,(l 4,v,,ry (;I+ tim+' m+d l,h+,wt)rd Itddr+,s++ +'hillll-_,l+'B Itl. this raW. Th+, indi.

vidual +,h,m_,nL++Imlm, at. +_rail, l+l' (+I'18 m++ir+,mflt <_I'th, ('hal}ghil-+addr<,+++;.Wilh i.h_, l+wilJ'hm,l.

I,o I,'IXI,'+I),l.lm l)ulm, (+1)/_ is+tlSt,tl I.(_inil.iai,v Lh(, (,nalJh, l,flm,8.

WORD___... 1_ _

ADDRESS BINARY
TO WORD WORDOUTPUT

WORD = DECIMAL DRIVERS
' ENABLE

MEMORY

DIGIT TO

ADDRESS DECIMAL t,,--- DIGITENABLE
WORDBIT

l___. NORMALi MODE HCONTRO L INVERTSWITCHES LOGIC

GENERATOR _ DIGITENABLE

--+

Figure 31. Block diagram of light-valve input circuits.

The word-enable pulse is derived from a variable-width pulse generator. The trailing edge

starts a 0.2 psec pulse which is added to the original pulse to form the digit-enable pulse. This

insures that the light valve elements remain in their driven state as the pulses are removed.

The 3-bit word number is combined with the word-enable pulse in a binary-to-decimal con-

verter. This results in one wire of eight pulsing at the correct time. These outputs drive the word-

line drivers one of which is shown in Fig. 32. The digit lines are driven by similar circuits. Con-

nection is made to the light valve array through a cable which is over 10 feel long. The cable

contains 16 pairs plus eight additional shield leads. This results in circuit capacitance of 25 pF

per foot. The word and digit drivers deliver pulses at the array end of the cable with rise and fall

times of 0.1 psec and 0.3 psec, respectiw_qy.
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Figure 32. Circuit of output driver.

Digit information received from the pattern generator is modified, or not, according to the

setting of several switches. The LED's indicate the state of the inputs to the digit-line drivers. The

NORMAL/INVERT switch inverts the sense of the pattern. For example, with the switches set

to NORMAL and l's, all elements are bright. With the switches set to INVERT and l's, all elements

are dark.

The L.V.PWR/OFF switch applies voltage to the word and digit drivers. This is derived from

an external power supply connected to a rear-panel connector. This voltage should be negative

only and limited to a maximum of 50 V.
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